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In Brief
Cellular-resolution Ca2+ imaging from the
mouse PFC during goal-directed
behavior reveals sensory, motor, and
outcome signals. Interneurons of the
same subtype are functionally similar, but
different subtypes encode different task-
related signals. Excitatory neurons have
diverse properties that vary across layers.
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Theprefrontal cortex (PFC) plays a key role in control-
ling goal-directed behavior. Although a variety of
task-related signals have been observed in the PFC,
whether they are differentially encoded by various
cell types remains unclear. Here we performed
cellular-resolution microendoscopic Ca2+ imaging
fromgenetically defined cell types in the dorsomedial
PFC of mice performing a PFC-dependent sensory
discrimination task. We found that inhibitory inter-
neurons of the same subtype were similar to each
other, but different subtypes preferentially signaled
different task-related events: somatostatin-positive
neurons primarily signaled motor action (licking),
vasoactive intestinal peptide-positive neurons re-
sponded strongly to action outcomes, whereas par-
valbumin-positive neurons were less selective,
responding to sensory cues, motor action, and trial
outcomes. Compared to each interneuron subtype,
pyramidal neurons showed much greater functional
heterogeneity, and their responses varied across
cortical layers. Such cell-type and laminar differences
in neuronal functional properties may be crucial for
local computation within the PFC microcircuit.
INTRODUCTION
Goal-directed behavior involves multiple sensory, motor, and
cognitive processes. When engaged in a task, the animal
must attend to task-relevant sensory cues, control the initia-
tion and termination of appropriate motor actions, and monitor
the outcome of each action in order to adjust future behavioral
strategies. The prefrontal cortex (PFC) plays a crucial role in
coordinating these processes through its long-range connec-
tions with many other brain areas (Desimone and Duncan,
1995; Euston et al., 2012; Fuster, 2008; Gabbott et al., 2005;
Heidbreder and Groenewegen, 2003; Miller and Cohen,
2001; Squire et al., 2013). Electrophysiological recordings
from both primates and rodents have shown that a variety of
task-related signals are encoded in the spiking activity of
PFC neurons (Euston et al., 2012; Miller and Cohen, 2001).
In addition to sensory stimuli and impending motor actions,many neurons respond to expected or actual action outcomes
(reward and punishment), thus allowing the PFC to orchestrate
sensory and motor processes for the current task and to
improve future behavioral performance (Hayden et al., 2008;
Hyman et al., 2013; Insel and Barnes, 2014; Ito et al., 2003;
Matsumoto et al., 2007; Narayanan et al., 2013; Ridderinkhof
et al., 2004; Schall et al., 2002; Wallis and Kennerley, 2010;
Watanabe, 1996).
Individual PFC neurons encode various combinations of task-
related variables (Hyman et al., 2013; Machens et al., 2010;
Mante et al., 2013; Rigotti et al., 2013), exhibiting a high degree
of complexity and heterogeneity. How these functional proper-
ties are organized and computed within the PFC microcircuit
remains largely unknown. In well-studied sensory cortical
areas, glutamatergic neurons and subtypes of GABAergic inter-
neurons exhibit different stimulus selectivity (Kerlin et al., 2010),
and they are differentially influenced by brain state and neuro-
modulatory inputs (Alitto and Dan, 2012; Fu et al., 2014; Gentet
et al., 2012; Lee et al., 2013; Pi et al., 2013; Zhang et al., 2014),
suggesting separate roles in local computation. However, how
different types of neurons in the PFC respond to task-related
events is only beginning to be investigated (Courtin et al.,
2014; Kvitsiani et al., 2013; Sparta et al., 2014). Furthermore,
a prominent feature of the neocortex is its laminar organization.
Neurons in different layers receive different inputs and project
to distinct targets, and their interconnections play crucial
roles in intracortical processing (Douglas and Martin, 2004;
Harris and Mrsic-Flogel, 2013). Characterizing the laminar
organization of neuronal response properties is thus a critical
step in understanding how the PFC circuit operates in cognitive
control.
In this study, we characterized PFC activity while the mouse
performed a simple go/no-go sensory discrimination task, which
has been used extensively to study PFC functions (Fuster,
2008). The use of microendoscopes (Ghosh et al., 2011) allowed
optical access to the dorsomedial PFC (dmPFC), a region impor-
tant for cognitive control of behavior (Bissonette et al., 2008;
Euston et al., 2012; Hanks et al., 2015; Matsumoto et al.,
2007; Narayanan et al., 2013; Ridderinkhof et al., 2004) but
inaccessible to conventional imaging techniques. Using several
Cre mouse lines, we performed cellular-resolution Ca2+ imaging
from excitatory pyramidal (PYR) neurons as well as three distinct
subtypes of inhibitory interneurons: parvalbumin-positive (PV+),
somatostatin-positive (SST+), and vasoactive intestinal peptide-
positive (VIP+) neurons, which together comprise 85% of all
GABAergic neurons in the cortex (Rudy et al., 2011; Xu et al.,Neuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc. 437
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Figure 1. Experimental Approach
(A) Schematic of the behavioral task.
(B) Learning curves of an example mouse (left) and population of imaged mice (right, n = 20). The surgery for GRIN lens implantation happened between
sessions 2 and 11 (5.8 ± 3.6, mean ± SD), and it did not seem to affect learning of the task. Line, mean; shaded area, ±SEM.
(C) Bilateral muscimol injections in dmPFC reversibly impaired task performance. Lines correspond to individual mice. Dashed horizontal line, chance
performance. *p < 0.05; n.s., not significant.
(D) Schematic of GRIN lens implanted in dmPFC.
(E) Example of GCaMP6f expression and immunostaining for cell-type-specific marker for each cell type.
(F) Cell-type specificity and efficiency of GCaMP6f expression. PYR (CAMKIIa): 97.4% (2,313/2,375) of GCaMP6f-expressing cells were CAMKIIa+, n = 3 mice;
PV+: 96.1% (342/356), n = 2; SST+: 97.2% (522/537), n = 2; VIP+: 97.5% (348/357), n = 3; conversely, 92.8%, 74.1%, 91.3%, and 94.0% of antibody-labeled cells
expressed GCaMP6f for PYR, SST+, PV+, and VIP+ neurons, respectively.
(G–J) Fluorescence (DF/F) traces of example PYR (G), SST+ (H), PV+ (I), and VIP+ (J) neurons while each animal performed the task. The neurons shown in each
plot were simultaneously recorded. Vertical lines of different types and colors represent different task-related events.
See also Figure S1.2010). For inhibitory interneurons, we found a high degree of
functional similarity within each subtype but clear distinction be-
tween subtypes. Pyramidal neurons showed diverse responses
to task-related events, and their heterogeneity was partly attrib-
utable to functional variations across cortical layers. These re-
sults provide the first comprehensive characterization of PFC
microcircuit activity during a commonly studied goal-directed
behavior.438 Neuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc.RESULTS
A dmPFC-Dependent Go/No-Go Task
We trained head-fixed mice on a go/no-go auditory discrimina-
tion task (Figure 1A, see Experimental Procedures). The start
of each trial was signaled by a light flash, followed by presenta-
tion of either the target (17 kHz) or non-target (9 kHz) auditory
stimulus. After a grace period of 500 ms (during which licking
BA
Figure 2. Performance of the GLM
(A) Fluorescence traces measured in several example trials for an example neuron of each cell type (solid gray lines), and those predicted by the GLM (dashed
black lines). Data from these trials were not used to fit the model.
(B) Cumulative distribution of CCs for task-modulated neurons of each type (n = 631, 388, 243, and 390 for PYR, SST+, PV+, and VIP+ neurons, respectively).had no consequence), licking in response to the target tone (hit)
was rewarded with water, while licking to the non-target tone
(false alarm) was punished by an airpuff and time-out. Mice
learned this task within days (Figure 1B), but their performance
did not reached 100%, allowing us to observe dmPFC activity
during both correct and error trials.
To test the involvement of dmPFC in this task, we suppressed
the neuronal activity pharmacologically. Bilateral injections of the
GABAA receptor agonist muscimol, but not saline, resulted in a
marked but reversible decrease in task performance (Figure 1C,
p = 0.01, F2,4 = 8.21, one-way repeated-measures ANOVA, n = 5;
muscimol versus baseline: p = 0.01, muscimol versus saline: p =
0.04, saline versus baseline: p = 0.63, Tukey’s post hoc test).
This effect was not due to a general motor deficit, since licking
was unaffected when the mouse was given free access to water
(Figure S1A; p = 0.55, paired t test, n = 5). Thus, normal dmPFC
activity is required for the go/no-go auditory discrimination task.
Task-Related Activity of Different Cell Types
To image pyramidal neurons and each interneuron subtype, we
injected adeno-associated virus (AAV) into the dmPFC of
CaMKIIa-, PV-, SST-, or VIP-Cre mice for Cre-inducible expres-
sion of the Ca2+ indicator GCaMP6f (Chen et al., 2013b). Immu-
nohistochemical staining confirmed the specificity of GCaMP6f
expression (Figures 1E and 1F). We performed Ca2+ imaging
through a gradient refractive index (GRIN) lens coupled to a
miniaturized integrated fluorescence microscope (Figures 1D
and S1B and Movie S1)(Ghosh et al., 2011), which allowed us
tomonitor dmPFC activity across cortical layers with cellular res-
olution (medial/ lateral, superficial/ deep layers).
All cell types exhibited Ca2+ transients associated with task-
related events (Figures 1G–1J). However, the percentage of neu-
rons that were significantly modulated by the task (p < 0.01,three-way ANOVA, see Experimental Procedures) differed
across cell types, higher for PV+ (95.3%) and SST+ (96.9%)
than for VIP+ (81.2%) and PYR (77.3%) neurons (Figure S1C,
p = 7.8 3 1016, c2 test).
Generalized Linear Model
We next analyzed the activity of each cell type associated with
each task-related event. To disambiguate the contributions of
different task-related events to the activity of each neuron, we
fitted its Ca2+ activity using a generalized linear model (GLM)
with all events as regressors (see Supplemental Experimental
Procedures). The performance of each model was measured
by the correlation coefficient (CC) between the predicted and
measured activity using a separate test dataset not used for
fitting the model (Figure 2A). Among neurons that were signifi-
cantly modulated by the task (Figure S1C), the average CCs
were higher for SST+ (0.46 ± 0.01, mean ± SEM, n = 388) and
PV+ (0.40 ± 0.01, n = 243) than for VIP+ (0.31 ± 0.01, n = 390)
and PYR neurons (0.24 ± 0.01, n = 631) (Figure 2B, p = 2.5 3
1099, F3,1648 = 176.7, one-way ANOVA; SST
+ > PV+ > VIP+ >
PYR+, p < 0.001 for all comparisons, Tukey’s post hoc test).
Thus, the activity of SST+ and PV+ neurons was not only more
modulated by the task (Figure S1C) but also better described
by a linear model based on task-related events. We next
compared the activity associated with each task-related event
across cell types.
Sensory-Related Activity
Goal-directed behavior depends on the processing of task-
related sensory cues. Two sensory cues are relevant to the
current task: the light flash at trial start, which serves as a prepa-
ratory (‘‘prep’’) signal, and the auditory stimulus (‘‘stim’’), which
instructs the appropriate motor action (go or no-go, Figure 3A).
As shown by event-triggered average of the fluorescence sig-
nals (Figures 3B–3E and 3J), the prep cue triggered small butNeuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc. 439
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Figure 3. Sensory-Related Activity
(A) Example DF/F traces of a PYR (left) and a PV+ (right) neuron (4 trials each)
around the time of sensory cues (prep cue and stim).
(B–E) Trial-averaged DF/F traces at prep cue (gray vertical line) from a repre-
sentative PYR (B), SST+ (C), PV+ (D), and VIP+ (E) recording. Each plot shows
the trial-averaged responses of 10 example neurons recorded simultaneously
in the same field of view (top, thin colored lines), along with corresponding
licking rate histograms (bottom, gray lines and shaded areas, mean ± SEM).
(F–I) Trial-averaged DF/F traces at the target (left) and non-target (right) audi-
tory stimulus onset for the same neurons shown in (B)–(E), with corresponding
licking rate histograms.
(J) Top: population average of prep cue responses averaged across all task-
modulated neurons of each type (PYR: n = 631; SST+: n = 388; PV+: n = 243;
VIP+: n = 390). Bottom: average licking rate triggered by prep cue (n = 104
sessions, 20 mice). Thick lines, mean; thin dashed lines, ±SEM.
(K) Population average of responses to target and non-target stimuli averaged
across all task-modulated neurons of each type.
(L) GLM coefficients for prep cue averaged across all task-modulated neurons
of each type with statistically significant fits (see Supplemental Experimental
Procedures, PYR: n = 604; SST+: n = 385; PV+: n = 242; VIP+: n = 370). Thick
lines, mean; thin dashed lines, ±SEM.
(M) GLM coefficients for target (left) and non-target (right) stimuli averaged
across each cell type.
See also Figure S2.
440 Neuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc.detectable responses in PYR, PV+, and VIP+ neurons, but rarely
in SST+ neurons.
We next analyzed the responses to target and non-target
auditory stimuli separately. The target stimulus evoked
responses in many PYR, PV+, and SST+ cells but not in VIP+
cells (Figures 3F–3I and 3K, left column), while the non-target
stimulus evoked consistent responses only in PV+ neurons
(right column). However, such preferential responses to the
target stimulus could be related to the impending motor action,
since well-trained mice are much more likely to lick following
the target than non-target stimulus. To test this possibility,
we analyzed the responses of each neuron in trials with or
without licking immediately following each auditory stimulus
(Figure S2). For both PYR and SST+ neurons, the Ca2+ signals
were primarily associated with licking, since in trials without
immediate licking there was no significant response to either
the target or non-target stimulus (p > 0.5, one-sided signed-
rank test). In contrast, many PV+ cells responded to both stim-
uli at short latencies regardless of licking (Figures 1I, 3A, and
S2C, p = 2.8 3 1014 for trials without licking). Thus, PV+ neu-
rons appear to be unique in their responses to the auditory
stimuli.
We then compared the GLM coefficients for each regressor
across cell types. Consistent with the event-triggered average
analysis, PYR, PV+ and VIP+ cells all showed higher prep cue co-
efficients than SST+ neurons (Figure 3L, p = 5.93 1019, F3,1597 =
30.1, one-way ANOVA; p < 0.001 for all post hoc comparisons,
Tukey’s test), and PV+ neurons constituted the only cell type
with short-latency auditory responses (Figure 3M, p = 8.2 3
1031, one-sided signed-rank test).
Motor-Related Activity
Goal-directed behavior inevitably involves motor action, which
consists of licking in the current task. Analysis of this behavior
showed that most of the licks were organized in bouts, with
short inter-lick intervals within each bout and long intervals be-
tween bouts (Figure S3). We found that all cell types exhibited
licking-related activity (Figures 1G–1J), consistent with the
known role of dmPFC in action selection and its strong con-
nections with motor circuits (Euston et al., 2012; Gabbott
et al., 2005; Heidbreder and Groenewegen, 2003; Hyman
et al., 2013). Interestingly, most neurons showed higher activity
at the beginning and end of each bout than in the middle (Fig-
ure 4A), reminiscent of the previous finding that PFC neurons
preferentially signal boundaries of action sequences (Fujii and
Graybiel, 2003). We thus analyzed the Ca2+ activity of each
neuron at both lick-bout onset and offset.
We found themost striking licking-related activity in SST+ neu-
rons, regardless of whether the lick bout occurred within a trial or
during an inter-trial interval (Figure 1H). The activity increased
consistently at bout onset and sometimes also at bout offset
(Figures 1H, 4A, 4C, 4F, and 4G). PV+ neuron activity was also
strongly correlated with both onset and offset of licking (Figures
4D, 4F, and 4G). The activity of PYR cells was highly diverse, ex-
hibiting different amplitudes and temporal profiles at licking
onset and offset (Figure 4B). Interestingly, VIP+ cells showed
consistent Ca2+ increases at licking offset but not at onset (Fig-
ures 4A and 4E–4G).
Analysis of the GLM coefficients revealed that, at lick-bout
onset, SST+ neurons showed by far the strongest activity and
VIP+ neurons the weakest (Figure 4H, p = 2.9 3 10134,
F3,1597 = 252.9, one-way ANOVA; SST
+ and VIP+: p < 1010
versus other types, PV+ versus PYR: p = 0.58, Tukey’s post
hoc test). In contrast, at lick-bout offset, VIP+ neurons showed
the strongest activity (Figure 4I, p = 7.8 3 1080, F3,1597 =
138.6, one-way ANOVA; VIP+: p < 105 versus all other types,
Tukey’s post hoc test).
Outcome-Related Activity
Previous studies in monkeys and rats indicate that outcome-
related activity is widespread in the PFC (Hayden et al., 2008;
Hyman et al., 2013; Insel and Barnes, 2014; Ito et al., 2003; Mat-
sumoto et al., 2007; Narayanan et al., 2013; Schall et al., 2002;
Wallis and Kennerley, 2010). Here we observed responses to
both reward (‘‘RW,’’ water drop following hit) and punishment
(‘‘PN,’’ airpuff and time-out following false alarm). Strong
outcome-related activity was observed in many VIP+ and PV+
neurons (Figures 5D–5G). It was also observed inmany PYR cells
(Figures 5A and 5B), but with a high degree of heterogeneity with
respect to response amplitude and time course (Figure 5B). In
contrast, SST+ neurons showed little outcome-related activity
(Figure 5C); although many cells exhibited Ca2+ transients
following RW or PN, they appeared to be associated with licking
(Figure S4).
To further disambiguate licking- and outcome-related activity,
we examined the GLM coefficients for both outcomes. Signifi-
cant PN responses were found in VIP+, PV+, and PYR neurons
(Figure 5I; p < 1010, signed-rank test), but not in SST+ neurons
(p = 0.61), while RW responses were larger in PV+ neurons than
all other cell types (Figure 5H, p = 1.5 3 108, F(3,1597) = 13.2,
one-way ANOVA; p < 0.01 for comparison between PV+ and all
other cell types, Tukey’s post hoc test). Consistent with previous
reports (Hyman et al., 2013; Matsumoto et al., 2007), the re-
sponses to PN were stronger than those to RW for PYR (p =
8.4 3 1016, signed-rank test), PV+ (p = 2.5 3 104), and VIP+
neurons (p = 3.73 1031), although not for SST+ cells (p = 0.88).In sum, these results demonstrate clear distinctions among
the interneuron subtypes: SST+ neurons showed the strongest
motor-related activity but little sensory- or outcome-related ac-
tivity, whereas PV+ neurons responded to all task-related events
(sensory, motor, and outcome). Although VIP+ neurons showed
strong activity at both PN and lick-bout offset (Figures 4I and
5I), the offset activity was powerfully gated by PN (see below),
indicating a predominant effect of action outcome in controlling
VIP+ neuron activity.
Modulation of dmPFC Activity by Action Outcome
An important component of cognitive control is to adjust behav-
ioral strategies based on recent action outcomes (Ridderinkhof
et al., 2004; Schall et al., 2002). In our study, performance of
the mice following false alarm-triggered punishment was signif-
icantly better than that following reward, primarily due to a
reduced false alarm rate (Figure 6A, percent correct: p = 0.003;
hit rate: p = 0.34; false alarm rate: p = 1.7 3 104, paired t test,
n = 20 mice). This indicates that a negative outcome can trigger
behavioral adjustments to avoid the same mistake.
The rodent PFC is known to be required for such behavioral
adjustments (Narayanan et al., 2013). To identify potential neural
correlates of this adjustment in the dmPFC, we analyzed the
trials immediately following punishment (post-PN) and those
following reward (post-RW) separately (see Supplemental
Experimental Procedures). For PYR and VIP+ cells, responses
to the prep cue were much larger in post-PN trials (Figures 6B
and 6C, p < 106 for both cell types, signed-rank test), whereas
the opposite was true for PV+ neurons (Figure 6C, p = 8.2 3
108). These differences were not caused by different licking
behaviors in post-PN and post-RW trials, because only trials
with no licking within 1 s after the prep cue onset were included
in the analysis. They were also not caused by different pre-trial
baseline activity, since even when we selected trials with
matched baseline activity, similar differences between post-PN
and post-RW trials were still observed (Figure S5). Such cell-
type-specific modulation of PFC responses to the prep cue,
especially the enhanced activity of PYR neurons, could
contribute to the improved cognitive control following error
trials (Hayden et al., 2008; Narayanan et al., 2013; Ridderinkhof
et al., 2004).
In addition to enhancing activity in the following trial, we also
noticed a more immediate modulatory effect of PN. For all cell
types, licking offset was followed by a much greater Ca2+
increase if it occurred within 2 s of the false alarm-triggered
airpuff than at other times (Figures 6D and 6E, p < 0.05 for all
types, signed-rank test). Thus, besides evoking direct neuronal
responses (Hayden et al., 2008; Hyman et al., 2013; Insel and
Barnes, 2014; Ito et al., 2003; Matsumoto et al., 2007; Narayanan
et al., 2013; Schall et al., 2002; Wallis and Kennerley, 2010),
action outcomes also stronglymodulate the responses to subse-
quent task-related events.
Spatial Organization of Response Properties
To characterize the spatial organization of task-related neuronal
activity, we first computed the CC between the fluorescence
traces of each pair of neurons within each field of view and
plotted the CC against the distance between the cell pair. WithinNeuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc. 441
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Figure 4. Motor-Related Activity
(A) DF/F traces of an SST+ (top) and a VIP+
(bottom) neuron at onset (left) and offset (right) of
several example licking bouts.
(B–E) Trial-averaged DF/F traces at lick-bout
onset (left) and offset (right) from a representative
recording for each cell type. Each plot contains
trial-averaged responses of 10 example neurons
recorded simultaneously in the same field of view
(top, thin colored lines), with corresponding licking
rate histograms (bottom). The same neurons are
shown on the left and right plots. Note that all
licking bouts were included in this analysis,
regardless of when they occurred in the trial.
(F and G) Top: population average of responses to
licking onset (F) and offset (G) averaged across
all significantly modulated cells of each type.
Bottom: population average of licking histograms
(truncated for the bin at t = 0 since by definition
there is always a lick in that bin). Thick lines, mean;
thin dashed lines, ±SEM.
(H and I) GLM coefficients for licking onset (H) and
offset (I) averaged across each cell type. Thick
lines: mean, thin dashed lines: ± SEM.
See also Figure S3.
442 Neuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc.
BC
D
E
A
F G
H I
Figure 5. Outcome-Related Activity
(A) Top: schematic showing reward (RW, water drop)
and punishment (PN, airpuff + time-out) as trial out-
comes. Middle and bottom: DF/F traces of two PYR
neurons at several example RW (left) and PN (right)
trials.
(B–E) Trial-averaged DF/F traces at RW (left) and PN
(right) from a representative recording for each cell
type. Each plot contains trial-averaged responses of
10 example neurons recorded simultaneously in the
same field of view (top, thin colored lines), with corre-
sponding licking rate histograms (bottom, histograms
were truncated for the bin at t = 0 since there is always
a lick in that bin given that in our task design RW and
PN were triggered by licking). The same neurons are
shown on the left and right plots.
(F and G) Top: population average of responses to RW
(F) and PN (G) averaged across all significantly
modulated cells of each type. Bottom: population
average of licking histograms. Thick lines, mean; thin
dashed lines, ±SEM.
(H and I) GLM coefficients for RW (H) and PN (I) aver-
aged across each cell type. Thick lines, mean; thin
dashed lines, ±SEM.
See also Figure S4.
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Figure 6. Modulation of Responses by Trial Outcome
(A) Behavioral adjustment based on previous outcome. Performance (% cor-
rect, left) was significantly higher, and false alarm (FA) rate (right) was signifi-
cantly lower, in trials following punishment (post-PN) than those following
reward (post-RW). Hit rates were not significantly different (middle). Lines
correspond to individual mice (n = 20, from all genotypes). **p < 0.01, n.s., not
significant. Closed circles and error bars, mean ± SEM.
(B) Responses of an example PYR neuron to prep cue in a post-RW trial (top,
blue) and a post-PN trial (bottom, red).
(C) Responses to prep cue averaged across all task-modulated neurons of
each cell type, in post-RW (blue) and post-PN (red) trials. PYR and VIP+ neu-
rons showed significantly higher responses in post-PN than post-RW trials,
while PV+ neurons showed the opposite difference. No significant difference
was observed for SST+ neurons. Shaded areas, ±SEM.
(D) Activity of an example VIP+ neuron at lick-bout offset immediately following
punishment (bottom, red) and from a lick bout occurring elsewhere in the trial
(top, gray).
(E) Activity at licking offset averaged across all task-modulated neurons of
each cell type. For all types, licking offset occurring <2 s after PN (red) was
associated with higher activity than for other licking bouts (gray). Note that the
licking offset responses in this analysis are based on the same data shown in
Figure 4 except that we separated the lick bouts occurring after PN delivery
and all other bouts. Shaded areas, ±SEM. Note that in some trials the airpuff
triggered by a single lick inhibited further licking, so that licking offset coin-
cided with PN. These trials were excluded in this analysis to minimize the
confound between the activity evoked by PN and that associated with licking
offset.
See also Figure S5.
444 Neuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc.300 mm, interneurons of the same subtypewere highly correlated
with each other, while PYR neurons showed much lower corre-
lation (Figure 7A; p < 1020, F3,18413 = 201.9, one-way ANOVA,
p < 0.001 for comparison between PYR and each interneuron
subtype, Tukey’s post hoc test), consistent with the impression
based on visual inspection of the raw traces and event-triggered
average of the recorded Ca2+ signals (Figures 1G–1J, 3B–3I, 4B–
4E, and 5B–5E).
Note that the Ca2+ signals measured at the soma of each
neuron were likely contaminated by out-of-focus neuropil fluo-
rescence, and such contamination could affect the correlation
between neurons. However, the higher correlation between in-
terneurons than between pyramidal neurons was unlikely
caused by the contamination, since neuropil fluorescence was
subtracted from the measured somatic signals, and our finding
was robust over a wide range of subtraction levels (see Supple-
mental Experimental Procedures). To further exclude the possi-
bility that interneurons were less well focused than pyramidal
cells and thus their signals were more contaminated by neuropil
activity, we compared the pixel-wise activity map that was used
to identify the regions of interest (ROIs) corresponding to cell
bodies (Figure S1B, see Supplemental Experimental Proce-
dures). We found that across cell types the ROIs were equally
distinct from the surrounding neuropil regions (Figures S6A
and S6B), indicating that interneurons were not less well
focused. Moreover, when we repeated the analysis using only
the neurons with highly distinct ROIs, the CCs were still much
higher for interneurons than pyramidal neurons (Figure S6C).
Thus, the higher CCs among interneurons were very unlikely
caused by contamination from out-of-focus neuropil signals.
Since the CC between the fluorescence traces reflects not
only the similarity in neuronal response properties but also corre-
lated noise in their spiking activity (Cohen and Kohn, 2011), we
next assessed the functional similarity between each pair of
neurons by comparing their GLM coefficients (Figure 7B). The
CCs between GLM coefficients were significantly lower for
PYR neurons than each interneuron subtype (Figure 7C, p <
1020, F3,16577 = 783.1, one-way ANOVA, p < 10
5 for compari-
son between PYR and each interneuron subtype, Tukey’s post
hoc test), indicating their greater functional heterogeneity.
Such functional heterogeneity is not surprising, as the PYR
neuron population also consists of multiple subtypes. For
example, PYR neurons in different cortical layers express
distinct molecular markers and exhibit different synaptic con-
nectivity (Douglas and Martin, 2004; Harris and Mrsic-Flogel,
2013). When we plotted the CC (between fluorescence traces
or between GLM coefficients) as a function of the distance be-
tween PYR neurons either parallel or perpendicular to the
dmPFC surface, we found that the CC decreased significantly
more with perpendicular than with parallel distance (Figures 8A
and 8B; paxis = 0.03, Faxis(1,15428) = 4.9, pdistance = 2.6 3 10
19,
Fdistance(9,15428) = 12.1, pinteraction = 0.002, Finteraction(9,15428) =
2.9, two-way ANOVAwith factors distance and axis). This anisot-
ropy, which was not observed for the inhibitory neurons
(Figure S7, pinteraction > 0.3 for all subtypes, two-way ANOVA),
suggests that the activity patterns and response properties of
PYR neurons varied much more across than within layers. In
particular, we found that the response to prep cue changed
BCA Figure 7. Spatial Organization of Task-
Related Activity of Each Cell Type
(A) CC between DF/F traces of each cell pair
versus distance of the pair, averaged across all
recordings for each cell type (PYR: n = 9,500
neuron pairs; PV+: n = 1,579; SST+: n = 2,959;
VIP+: n = 4,379). Error bars, ±SEM.
(B) Example maps showing simultaneously
imaged neurons in the same field of view (left,
white and color). GLM coefficients of the neurons
highlighted with color and indicated by numbers
are plotted on the right. Note that inhibitory neu-
rons of the same subtype showed similar GLM
coefficients regardless of spatial position,
whereas PYR cells are much more diverse. Pc,
Prep cue; ts, target stimulus; nts, non-target
stimulus; lon, licking onset; lk, mid-burst licks; loff,
licking offset; rw, reward; pn, punishment.
(C) CC between GLM coefficients of each cell pair
versus distance of the pair, averaged across all
recordings for each cell type (PYR: n = 8,263
neuron pairs with significant GLM fits; PV+: n =
1,562; SST+: n = 2,865; VIP+: n = 3,891). Error
bars, ±SEM.
See also Figure S6.systematically with laminar position, showing higher amplitude in
superficial than deep layers. This was apparent both among
simultaneously imaged neurons within the same field of view
(Figure 8C) and among the entire PYR neuron population after
combining all the imaging sessions from multiple mice (Fig-
ure 8D, p = 1.5 3 1026, F11,803 = 14.9, one-way ANOVA).
Thus, the preparatory signal that engages the PFC circuit for
cognitive control appears to be stronger in superficial than
deep layers of the dmPFC.
DISCUSSION
Using a simple goal-directed, go/no-go task, we have observed
PFCneuronactivity related to sensory,motor, andoutcomecom-Neuron 87, 437–ponents of the task, consistent with the
notion of multiplexed encoding (Hyman
et al., 2013; Machens et al., 2010; Mante
et al., 2013; Rigotti et al., 2013). However,
instead of randomly mixed selectivity for
all neurons, we found clear differences
across cell types, especially among inhib-
itory interneurons. Most task-related
SST+ neuron activity was associated
with licking, whereas VIP+ neuron activity
was strongly modulated by action
outcome. PV+ neurons were the least se-
lective, and they were the only class with
robust responses to the auditory stimuli.
PYR neurons formed a more heteroge-
neous population, and their functional
properties varied across layers.
The various task-related activity we
observed using microendoscopic imag-ing is consistent with many previous reports based on electro-
physiology in the rodent PFC, including sensory-related activity
(Euston et al., 2012; Insel and Barnes, 2014; Takehara-Nishiuchi
and McNaughton, 2008), outcome-related activity (Burgos-
Robles et al., 2013; Euston et al., 2012; Hyman et al., 2013; Insel
and Barnes, 2014), and motor-related activity (Euston et al.,
2012; Horst and Laubach, 2013; Hyman et al., 2013; Insel and
Barnes, 2014; Jung et al., 1998). Thus, the lesion associated
with our imaging experiment is unlikely to have caused global
changes in the response properties of PFC neurons. The pre-
dominance of neuronal activity associated with licking is consis-
tent with the notion that a primary function of the rodent dmPFC
is action selection (Euston et al., 2012; Heidbreder and Groene-
wegen, 2003; Hyman et al., 2013), although it is also possible450, July 15, 2015 ª2015 Elsevier Inc. 445
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Figure 8. Laminar Organization of PYR Neuron Responses
(A) CC between DF/F traces of each PYR neuron pair versus distance across
(perpendicular to) layers (left) or distance within (parallel to) each layer (right)
(perpendicular: r = –0.77, p = 0.009, n = 8,547 pairs; parallel: r = 0.33, p = 0.34,
n = 9,262 pairs). Error bars, ±SEM.
(B) CC between GLM coefficients of each PYR neuron pair versus distance
across (perpendicular to) layers (left) or distance within (parallel to) each layer
(right) (perpendicular: r = –0.96, p = 1.13 105, n = 7,425 pairs with significant
GLM fits; parallel: –0.79, p = 0.007, n = 8,023 pairs). Error bars, ±SEM.
(C) Two example maps (from different animals) showing the spatial distribution
of prep cue response amplitude (color-coded, scale bar at bottom). Note that
in both examples the responses were larger in more superficial cells.
(D) Left: population average of prep cue responses (n = 816) as a function of
estimated distance from the pia. Right: average prep cue GLM coefficients at
three cortical depths (indicated by arrows on the left). Shaded areas, ±SEM.
See also Figure S7.that, instead of driving behavior, the activity reflects efference
copy of the motor command or movement-induced neuromodu-
lation, as has been observed in sensory cortical areas (Fu et al.,446 Neuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc.2014; Lee et al., 2014a; Polack et al., 2013; Schneider et al.,
2014). Among all the cell types studied, SST+ neurons showed
the strongest activity at licking onset (Figures 4F and 4H). Since
these interneurons target dendrites, they can provide potent in-
hibition that effectively suppresses synaptic inputs to pyramidal
neurons over a large cortical region (Adesnik et al., 2012; Lovett-
Barron et al., 2014; Silberberg and Markram, 2007; Zhang et al.,
2014). Thus, their increased activity at licking onset may serve to
suppress distracting inputs to the PFC once the decision to lick
has been made (Wang et al., 2004).
The robust, long-lasting responses of dmPFC neurons to PN
(Figures 5G and 5I) may originate from neuromodulatory inputs,
such as the dopaminergic projection from the midbrain (Lam-
mel et al., 2012) and the cholinergic input from the basal fore-
brain (Letzkus et al., 2011; Pinto et al., 2013; Poorthuis et al.,
2014). VIP+ neurons, which were particularly susceptible to
PN modulation, have been shown to be strongly activated by
basal forebrain input through nicotinic acetylcholine receptors
(Alitto and Dan, 2012; Porter et al., 1999). A previous study
showed that VIP+ neurons in the auditory cortex also respond
to punishment (Pi et al., 2013), suggesting that the signal acti-
vated by PN is widely broadcast to multiple cortical areas.
Such long-range modulatory inputs may act through local
VIP+ neurons to regulate cortical computation. For example,
the enhanced responses of VIP+ and PYR neurons to the
prep cue in post-PN trials (Figure 6C) could be caused by neu-
romodulatory inputs that activate VIP+ neurons, which in turn
disinhibit PYR neurons (Fu et al., 2014; Lee et al., 2013; Pi
et al., 2013; Poorthuis et al., 2014; Wang et al., 2004; Zhang
et al., 2014).
In addition to licking and trial outcome, PV+ neurons also re-
sponded to the auditory stimuli (Figures 3H and 3K), consistent
with a recent report on fast-spiking cells in the rat mPFC (Insel
and Barnes, 2014). The wide-ranging responses of PV+ neurons
are reminiscent of their broad tuning in sensory cortex (Hofer
et al., 2011; Kerlin et al., 2010), likely caused by non-selective
innervation from nearby PYR neurons (Bock et al., 2011; Packer
and Yuste, 2011) and serving to sharpen the selectivity of PYR
neurons (Hamilton et al., 2013; Lee et al., 2012). Surprisingly,
responses to the auditory stimuli were rarely observed in PYR
neurons (Figures 3F and S2A), which is consistent with a recent
study in rat mPFC (Insel and Barnes, 2014) but contrary to previ-
ous observations of sensory responses in many PFC neurons
(Euston et al., 2012; Miller and Cohen, 2001). One possibility is
that these responses reflect the attention-grabbing properties
of the cues rather than representing the sensory information
per se (Fuster, 2008). In the present study, trial start was signaled
by the light flash 1 s before the auditory stimulus, which may be
why more neurons responded to the visual prep cue than to the
auditory stimulus.
A previous study in the monkey PFC showed that fast-spiking
neurons are highly correlated with each other (Constantinidis
and Goldman-Rakic, 2002). We have found that in addition to
the fast-spiking PV+ neurons, other interneurons of the same
subtype were also much more correlated than PYR cells,
perhaps partly due to the extensive gap junction coupling within
each subtype (Galarreta and Hestrin, 1999; Gibson et al., 1999;
but see Kvitsiani et al., 2013).
In contrast to inhibitory interneurons, pyramidal neuron re-
sponses were highly diverse, consistent with previous reports
in the PFC (Euston et al., 2012; Hyman et al., 2013; Kvitsiani
et al., 2013; Miller and Cohen, 2001; Narayanan and Laubach,
2006; Rigotti et al., 2013). This diversity, however, was not
distributed randomly. The laminar differences in PYR neuron
response properties are likely related to layer-specific synaptic
connectivity (Gabbott et al., 2005). In particular, the larger re-
sponses to the prep cue found in superficial neurons (Figures
8C and 8D) could be due to the preferential targeting of superfi-
cial layers by the axonal projections from visual cortical areas
(Van Eden et al., 1992). Of course, the functional diversity of
PYR neurons cannot be accounted for by their laminar differ-
ences alone. The response properties are also likely to be orga-
nized according to their developmental lineage (Li et al., 2012;
Ohtsuki et al., 2012) and projection targets (Chen et al., 2013a;
Glickfeld et al., 2013; Jarosiewicz et al., 2012; Yamashita et al.,
2013).
Recent optogenetic studies have demonstrated the causal
roles of long-range projections from the PFC in controlling mul-
tiple types of behavior (Challis et al., 2014; Lee et al., 2014b;
Warden et al., 2012; Zhang et al., 2014). An equally important
question is how different neurons within the PFC microcircuit
are activated by various task-related events. By characterizing
the functional properties of PFC neurons of different subtypes
and laminar locations, our study complements optogenetic
manipulations to reveal how the PFC coordinates perception,
action, and adaptive control to optimize goal-directed behavior.
EXPERIMENTAL PROCEDURES
Animals and Surgery
All procedures were approved by the Animal Care and Use Committee at
the University of California, Berkeley. Experiments were performed on adult
CaMKIIa-, PV-, SST-, and VIP-Cre mice (2–5 months old, 20–35 g, both
male and female).
Animals used in imaging experiments underwent two surgical procedures. In
the first surgery we implanted a stainless steel headplate for head fixation and
injected AAV encoding GCaMP6f (Chen et al., 2013b). After a week of recovery,
the mouse underwent the initial stages of behavioral training for 2 weeks (see
below). We then interrupted water restriction and performed a second surgery
to implant the gradient refractive index (GRIN) lens (Inscopix; diameter: 1 mm;
length: 4.2 mm; pitch: 0.5; numerical aperture: 0.5). After a recovery period of
at least 3 days,water restrictionwas reinstated andbehavioral training resumed.
Detailed information on the surgical procedures and mouse lines can be
found in the Supplemental Experimental Procedures.
Histology and Immunohistochemistry
We performed histology to confirm the location of the implanted GRIN lens or
optic fiber, and immunohistochemistry for CaMKIIa, PV, SST, and VIP to
confirm cell-type specificity and efficiency of GCaMP6f expression. Details
can be found in the Supplemental Experimental Procedures.
Behavior
We trained head-fixed mice on a go/no-go auditory task (Figure 1A). The tones
were generated with MATLAB (MathWorks) and presented through standard
computer speakers (Logitech) controlled by on-board sound cards. The
speakers were calibrated to ensure that the target and non-target tones had
the same intensity of 65 dB. Mice were water restricted and ordinarily had
access to water only during training. However, additional water was given if
necessary to ensure that their body weight (monitored daily) did not drop
below 85% of the starting value.After an initial 7 days of habituation, response shaping, and condition-
ing—details on these procedures and the apparatus can be found elsewhere
(Pinto et al., 2013)—the mice were moved to the auditory discrimination
task. The start of each trial was signaled by a 200-ms light flash on an
LCD screen placed 15 cm from the left eye. The auditory stimulus was pre-
sented 1 s after the onset of the flash with a maximum duration of 2 s.
Licking during the first 500 ms of stimulus presentation had no conse-
quence, and this grace period was followed by a 1.5 s response window
indicated by lighting of the screen. Licking during the response window of
a go trial (presentation of the target stimulus) was counted as a hit, while
no licking was counted as amiss. In no-go trials (non-target stimulus), licking
was counted as a false alarm and no licking as a correct rejection. The first
lick during the response window interrupted the auditory stimulus and trig-
gered either reward or punishment: in go trials, licking triggered a water
reward (4 ml), and in no-go trials licking triggered an airpuff to the cheek
(15–20 psi, 200 ms) and an 8 s time-out period. The inter-trial interval
was 3 s, with an extra 2 s for reward consumption after hit trials. Mice
were trained daily (except for a 4-day break for GRIN lens implantation,
see above) until reaching criterion performance, defined as >70% correct tri-
als for at least 3 consecutive days or >75% correct for 2 consecutive days.
These criteria were chosen to avoid overtraining prior to the experimental
manipulations, while ensuring above-chance performance. Once the mice
reached these criteria, we started performing pharmacological inactivation
or Ca2+ imaging experiments. No additional shaping procedures were
required after the surgery for GRIN lens implantation, since there was no
noticeable drop in performance caused by the procedure.
Inactivation Experiments
For pharmacological inactivation experiments, we injected 0.375 ml of either
the GABAA agonist muscimol (Sigma, 1 mg/ml) or saline at a rate of 0.25 ml/min,
bilaterally. We waited for 5 min at the end of the injection to allow diffusion of
the drug before removing the cannula. Behavioral experiments started 30 min
after the injections. Further details on these experiments can be found in the
Supplemental Experimental Procedures.
Microendoscopic Ca2+ Imaging
We performed cellular-resolution microendoscopic Ca2+ imaging from genet-
ically defined cell types in the right dmPFC using a miniaturized integrated
fluorescence microscope (Inscopix; 203 objective; LED power: 0.2–0.7 mW;
CMOS sensor resolution: 1,4403 1,080 pixels) coupled to a GRIN lens (Ghosh
et al., 2011) (Figure 1D).
Images were acquired at 20 frames per second using nVista HD
(Inscopix) running on a dedicated PC. At the beginning of each imaging ses-
sion, we removed the protective cap from the previously implanted base-
plate and attached the microscope. The imaging field of view (maximal
size, 600 3 800 mm) was then selected by adjusting the focus and se-
lecting a sub-region containing clearly identifiable cells. Focal planes
were 50–200 mm below the bottom of the lens. To avoid repeated imaging
from the same neurons, we systematically changed the focal plane for
different imaging sessions. Behavioral events were synchronized with
imaging by acquiring analog voltage signals output by both the imaging
acquisition and behavioral control software using custom code written in
LabVIEW (National Instruments) running on a third PC. Details on inclusion
criteria for imaging sessions can be found in the Supplemental Experimental
Procedures.
Image Processing
The acquired images were first spatially downsampled by a factor of 4 using
nVista Viewer (Inscopix). Image stacks were then corrected for lateral motion,
and regions of interest (ROIs) were selected on a pixel-wise activity map (Fig-
ure S1B). Average fluorescence was extracted for each ROI and corrected for
potential neuropil contamination (Fcorrected). DF/F was calculated as DF/F(t) =
(Fcorrected(t) – < F > )/<F >, where < F > is the average fluorescence across
the entire recording, because there were no true ‘‘baseline periods’’ during
the behavioral task. Unless otherwise stated, DF/F traces are Z scored. Details
on image processing procedures can be found in the Supplemental Experi-
mental Procedures.Neuron 87, 437–450, July 15, 2015 ª2015 Elsevier Inc. 447
Data Analysis
For behavioral data analysis, hit rate was defined as # hits / (# hits + #misses)
and false alarm rate as # false alarms / (# false alarms + # correct rejections).
Behavioral performance was measured by percent correct = (# hits + # correct
rejections) / # trials. Individual behavioral sessions were truncated for analysis
at the last trial in which the mouse licked. To analyze the effects of PFC inac-
tivation (Figures 1C and S1A) and the outcome dependence of behavioral
performance (Figure 6A), we concatenated individual sessions to obtain a
single performance value for each animal.
To assess whether a neuron was significantly modulated by the task, we
performed a three-way ANOVA with factors stimulus identity (target versus
non-target), action (lick versus no lick) and epoch [preparation (0.5 s following
start cue), stimulus (0.5 s following the onset of auditory stimulus presentation),
early outcome (1 s following water or airpuff delivery), and late outcome (1–3 s
after delivery)]. A neuron was deemed significantly modulated if p < 0.01 for at
least one of the factors or interaction terms.
We used a generalized linear model (GLM) to quantify task-related activity of
the cells, regressing the recorded Ca2+ signals against a time series of task
events (Miri et al., 2011). Models were fit using ridge regression. For statistical
comparisons between cell types, we computed the mean GLM coefficient for
each regressor over a given time period (PN: 0–4 s; RW: 0–2 s; stimulus:
0–0.2 s; prep cue: 0–0.8 s; licking onset:0.5–3 s; licking offset:0.5–8 s) after
baseline subtraction. Only neurons that were significantly modulated by the
task with significant GLM fits were included in the comparison.
Note that although the amplitude of DF/F corresponding to a single spike
differs across cell type (Chen et al., 2013b), the response properties quantified
by GLM are insensitive to the difference as long as the relationship between
DF/F and firing rate is linear. For GCaMP6f, the linearity has been shown for
PYR and PV+ cells (Chen et al., 2013b). A previous study using Oregon green
BAPTA also showed a linear relationship for SST+ cells (Kwan and Dan, 2012).
Further details on data analysis and the GLM fitting procedure can be found
in the Supplemental Experimental Procedures.
General Statistics
Datasets were tested for normality using the Lillieforsmodification of the Kolmo-
gorov-Smirnov testandthencomparedusingappropriate tests (tor rank tests, all
two sided unless stated otherwise). Groups being compared had similar vari-
ance. Statistical significance of experiments with factorial design was assessed
using ANOVAs followed by Tukey’s post hoc test with correction for multiple
comparisons. Unless otherwise stated, data are presented as mean ± SEM.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one movie and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2015.06.021.
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